Whiplash injuries are common following rear-end collisions. During such collisions, initially relaxed occupants exhibit brisk, stereotypical muscle responses consisting of postural and startle responses that may contribute to the injury. Using prestimulus inhibition, we sought to determine if the startle response elicited during a rear-end collision contributes to head stabilization or represents a potentially harmful overreaction of the body. Three experiments were performed. In the first two experiments, two groups of 14 subjects were exposed to loud tones (124 dB) preceded by prestimulus tones at either four interstimulus intervals (100 -1,000 ms) or five prestimulus intensities (80 -124 dB). On the basis of the results of the first two experiments, 20 subjects were exposed to a simulated rear-end collision (peak sled acceleration ϭ 2 g; speed change ϭ 0.75 m/s) preceded by one of the following: no prestimulus tone, a weak tone (85 dB), or a loud tone (105 dB). The prestimulus tones were presented 250 ms before sled acceleration onset. The loud prestimulus tone decreased the amplitude of the sternocleidomastoid (16%) and cervical paraspinal (29%) muscles, and key peak kinematics: head retraction (17%), horizontal head acceleration (23%), and head angular acceleration in extension (23%). No changes in muscle amplitude or kinematics occurred for the weak prestimulus. The reduced muscle and kinematic responses observed with loud tones suggest that the startle response represents an overreaction that increases the kinematics in a way that potentially increases the forces and strains in the neck tissues. We propose that minimizing this overreaction during a car collision may decrease the risk of whiplash injuries.
WHIPLASH INJURIES are the most common injury caused by motor vehicle collisions, and rear-end collisions pose the greatest risk of whiplash injury (18) . Several injury mechanisms have been proposed for whiplash injuries, with neck muscles being both a potential site of injury and a potential contributor to other neck tissue injuries (40) . Neck muscle activity begins about 50 -100 ms after vehicle acceleration onset (4, 10, 15, 19, 22, 27, 39, 47) , early enough to influence peak head and neck kinematics (4, 39) . Moreover, the time period over which the neck muscles are active overlaps the time period during which peak acceleration and displacement of the head and neck occur (10, 34) . This overlap suggests that muscle-induced strains and motion-induced strains in the posterior neck tissues potentially coincide and cause more severe whiplash injury and related symptoms following a rear-end collision.
The neck neuromuscular response to a rear-end impact consists of a postural response and a startle response elicited by a multisensory stimulus (somatosensory, acoustic, and vestibular) associated with the vehicle impact (5) . Startle responses are generalized body reactions to intense stimuli and are generally thought to protect the body from potential injury by drawing in the limbs and stiffening the body (12, 21, 48) . In the context of a rear-end collision, it is not clear whether these reflex actions are protective and thus beneficial or potentially injurious and therefore harmful. During forward acceleration of the body in a seated posture, neck muscles help control head motion relative to the forward moving torso. From this perspective, it seems intuitive that a rapid, startle-induced activation of the neck muscles would be protective and appropriate for stabilizing the head and neck following an unexpected perturbation. However, in experimental rear-end collisions, subjects who reported temporary neck pain exhibited larger startle responses in their posterior neck muscles than did subjects who did not report neck symptoms (5) . Furthermore, superimposing a loud startling tone onto a simulated rear-end collision increases both neck muscle activity and peak head acceleration (5, 7), both of which could contribute to posterior neck tissue injury. Based on these prior studies, injuries sustained during a rear-end car collision could be exacerbated by a startle response that increases neck muscle activity during a time when the posterior neck tissues may be vulnerable.
One potentially useful characteristic of the startle response is its ability to be inhibited by a prestimulus delivered immediately before a startling stimulus (13, 16, 17, 42) . This inhibition can be generated either by a weak prestimulus, where it is called prepulse inhibition, or by a startling prestimulus, where it is called paired-pulse inhibition (3, 13, 14, 17, 42) . Here, however, we will use the term "prestimulus" to refer to any stimulus (weak or startling) presented before the primary stimulus, and the term "prestimulus inhibition" to refer to the resulting inhibition. In general, prestimulus inhibition is greater with increasing prestimulus intensity (16) and most effective for interstimulus time intervals (ISI) between 30 and 400 ms (17, 29, 30, 43) . In the present experiment, we attempt to exploit prestimulus inhibition to examine the role of the startle response in whiplash injury.
The primary goal of this study was to determine if an acoustic prestimulus could inhibit the startle response evoked by a rear-end collision. We hypothesized that an acoustic prestimulus would inhibit the neuromuscular response evoked during a simulated rear-end collision. Based on the outcome, we postulate that the protective or injurious role of the startle response could be inferred. If we observed increased head/neck kinematics associated with the inhibited muscle responses, then we could consider the startle response protective. Con-versely, if we observed similar or decreased head/neck kinematics, then we would surmise that the startle response is potentially harmful and ill-adapted for whiplash collision exposures.
METHODS
Three experiments were performed. Experiments 1A and 1B were first performed to determine an interstimulus interval and prestimulus intensity relevant to an automobile environment; and experiment 2 was performed to test our primary hypothesis.
Subjects. Fourteen subjects with no history of neurological disorders participated in each of the first two experiments (experiment 1A: 8 men/6 women, 30 Ϯ 7 yr, 171 Ϯ 11 cm tall, 68 Ϯ 13 kg; experiment 1B: 9 men/5 women, 28 Ϯ 8 yr, 173 Ϯ 2 cm tall, 70 Ϯ 12 kg). Twenty subjects with no history of neurological disorders or whiplash injury participated in experiment 2 (10 men/10 women, 26 Ϯ 6 yr, 169 Ϯ 11 cm tall, 63 Ϯ 11 kg). Subjects were asked a series of questions regarding their medical history (whiplash injury, neck pain, neurological or musculoskeletal disorders) and completed the neck disability index questionnaire (44) to ensure they did not have a history of current or reoccurring neck pain. For all three experiments, a total of 33 different subjects were tested with 11 subjects participating in more than one experiment. All subjects provided written informed consent and were paid a nominal fee for participating. The research protocol was approved by the University of British Columbia Clinical Ethics Review Board and conformed to the Declaration of Helsinki.
Instrumentation. Surface electromyography (EMG) electrodes (Ambu Blue Sensors: N type, Ballerup, Denmark) were placed bilaterally on the sternocleidomastoid muscle (SCM) and unilaterally on the right cervical paraspinal muscles (PARA) at the C4 level for experiments 1A and 1B. In experiment 2, EMG electrodes recorded bilaterally from the SCM and PARA. Reference electrodes in all experiments were placed on the acromion. EMG recording sites were shaved, cleaned with alcohol, and lightly abraded with NuPrep gel (Weaver, Aurora, CO). All EMG signals were amplified using a Neurolog system (NL-844 and NL-136, Digitimer, Welwyn Garden City, Hertfordshire, UK) at subject-dependent gains (ϫ1,000 -5,000) and band-pass filtered from 10 to 1,000 Hz.
For experiment 2, subjects were also fitted with transducers to record their head and torso kinematics during the sled perturbations. Head accelerations were measured using a nine accelerometer array (8 Kistler 8302B20S1; Ϯ20 g, Amherst, NY; and 1 Silicon Design 2220 -010; Ϯ10 g, Issaquah, WA) arranged in a 3-2-2-2 configuration (28) and securely fastened to the subject's head. A motion capture system (Optotrak Certus, Northern Digital, Waterloo, ON, Canada) was used to measure head, torso, and sled displacements. Twelve infrared (IRED) markers were affixed in groups of four to the head accelerometer array, torso chest plate, and car seat/sled platform. The location of the accelerometers and IRED markers were digitized relative to anatomical landmarks so that the kinematics could be resolved to anatomically relevant locations (i.e. atlanto-occipital joint and head center of mass). Sled acceleration was measured with a uniaxial accelerometer (Silicon Design 2220 -100; Ϯ100 g).
All EMG and accelerometer signals were simultaneously sampled at 2,000 Hz using a National Instrument Data Acquisition (DAQ) PXI system (PXI-4495 and PXI-6289, National Instruments, Austin, TX) and a custom LabVIEW program, (National Instruments). Optotrak data were acquired at 200 Hz per marker, and the capture of each frame was triggered by the DAQ system to ensure synchronized data. Accelerometer data were low-pass filtered using a four-pole, dual-pass Butterworth filter with a Ϫ3-dB point of 500 Hz for the head and chest signals and 100 Hz for the sled signal.
Test procedures. For experiments 1A and 1B, subjects were tested in pairs while seated comfortably at a table and playing Scrabble (Hasbro, Pawtucket, RI). The background noise level was 59 dB. In experiment 1A, subjects were periodically exposed to nine loud startling stimuli (124 dB, 1 kHz, 40 ms): five trials without a prestimulus tone (control condition) alternated with four trials with a 124-dB prestimulus tone (test condition). The interstimulus intervals (ISI) in the four test conditions were 100, 250, 500, and 1,000 ms presented in a random order. In experiment 1B, subjects received 11 trials of the loud startling stimuli: six trials without a prestimulus tone (control condition) alternated with five trials of varying prestimulus tone intensities (80, 85, 95, 105, and 124 dB) presented in random order. The shortest ISI value yielding distinct startle inhibition observed in experiment 1A was used for experiment 1B, i.e., 250 ms (see RESULTS) . The control trials served to monitor habituation to the startling stimulus. Trials were presented 5-8 min apart while both players were in a relaxed posture. All tones were played through a speaker (MG Horn Speaker HS17T, Hauppauge, NY) located directly above the table. Sound intensity was measured using a sound level meter (Cirrus Research 252B, North Yorkshire, UK) at ear level directly below the speaker.
For experiment 2, subjects were seated on a feedback-controlled linear sled fitted with the driver's seat of a 2005 Honda Accord (Fig. 1 ). Subjects were instructed to sit comfortably facing forward, rest their forearms on their lap, and relax their head and neck muscles. The head restraint was removed from the top of the seat back to prevent head-to-head-restraint interaction that could affect the head/neck kinematics or generate additional sensory inputs. For similar reasons, a seatbelt was not used to prevent any external influences of the shoulder strap on the torso kinematics. The sled generated no audible or mechanical preperturbation signals that could be used to predict the onset of a perturbation. (35)]. The perturbation was accompanied by the sound of an actual vehicle-to-barrier crash (peak amplitude 109 dB, time-topeak 34 ms) to better mimic an actual crash. Although it may have contributed to the sensory information producing the impact-induced muscle response, prior work has shown that a tone or crash sound is not necessary for the impact itself to evoke a startle response (6) . As with experiment 1, three control trials (no prestimulus) were alternated with two test conditions: one preceded by a weak prestimulus tone (85 dB, 1 kHz, 40 ms), and the other preceded by a startling prestimulus tone (105 dB, 1 kHz, 40 ms). The prestimulus tone was presented 250 ms before the perturbation (see RESULTS, experiment 1A), and the background noise level was 64 dB. To minimize habituation, subjects received neither practice nor demonstration trials, experimental trials were spaced 15-20 minutes apart, and subjects watched a muted nature documentary (23) .
Data analysis. All EMG neck muscle data were high-pass filtered (30 Hz, 4th-order Butterworth dual-pass filter) to remove motion artifact before calculating the onset and amplitude of muscle activity. EMG onset was defined as the time when the root-mean-squared (RMS) amplitude (20-ms window) reached 10% of its maximum value (38, 39) and was then confirmed visually. In experiments 1A and 1B, the RMS amplitude of each muscle's response to the startling tone (the second tone when a startling prestimulus tone was also presented) was calculated for a 100-ms window following onset of muscle activation. In experiment 2, the RMS amplitude of each muscle's response to the perturbation was calculated over the interval between the onset of EMG activity and peak head extension angle. The data were visually inspected to ensure a prestimulus muscle response (if present) did not contaminate the perturbation-related muscle response. For all experiments (1A, 1B, and 2), the resting RMS EMG values for each muscle were quantified over the 250 ms immediately before the first stimulus and then subtracted from the RMS EMG response for that muscle. After assessing habituation between the control trials, all RMS EMG values were normalized to a subject's first control trial for that particular experiment to express all subsequent trials as a proportion of the first trial (first trial was assigned a value of 1). When available, left and right muscles were averaged and expressed as a single value for that particular muscle.
To account for habituation (observed only in experiments 1A and 1B), RMS EMG amplitudes for each test condition in experiment 1 were further normalized by the mean RMS EMG amplitude of the control trials immediately before and after the test condition to yield the prestimulus inhibition (PSI) generated by the prestimulus tone (Eq. 1):
where E i is the normalized RMS EMG amplitude of the test condition, CiϪ1 is the normalized RMS EMG amplitude for the control trial immediately before Ei, and Ciϩ1 is the normalized RMS EMG amplitude for the control trial immediately after Ei. Thus PSI was 0% when no inhibition occurred and 100% when the muscle response to the second stimulus was fully inhibited.
For experiment 2, the head acceleration data were resolved to the atlanto-occipital joint (AOJ) and reported in the global reference frame (x forward, y right, z down; for detailed procedures, see Ref. 7) . The AOJ was estimated to be 24 mm posterior and 37 mm inferior to the head's center of mass (33) , and the head's center of mass was estimated to lie in the midsagittal plane, rostral to the interaural axis by 17% of the distance between the interaural axis and the vertex (26) . All head and trunk accelerometers were corrected to remove the earth's gravitational field. Initial head angle was defined as the average angle over 250 ms immediately preceding the first stimulus and reported relative to the Frankfort plane (ϩ, extension). Peak head extension angle was defined as the maximum rearward rotation of the head into extension relative to initial head angle. The onsets of vertical and horizontal head acceleration, peak linear and angular head accelerations, and the time to peak head accelerations were determined directly from the transformed accelerometer data. All acceleration onsets of the head, torso, and sled were determined using a finite difference algorithm (10-ms window) (38) and then confirmed visually. Peak retraction was defined as the maximum relative horizontal displacement in the lab reference frame between the AOJ and the midpoint between the superior margin of the manubrium and the palpable aspect of the C7 spinous process (31) .
Statistical analysis. For experiment 1, EMG amplitudes were first assessed for habituation with paired t-tests between the first control trial and the last control trial presented in the experiment (t-test C1-C5 for experiment 1A, t-testC1-C6 for experiment 1B). The influence of sex was not assessed, and all subjects were grouped together because this experiment was designed specifically to determine experimental parameters for experiment 2. Since habituation was observed, PSI was then calculated using Eq. 1. Differences in prestimulus inhibition were then assessed using one-way repeated-measures ANOVAs with four levels of ISI (100, 250, 500, 1,000 ms) in experiment 1A and five levels of prestimulus intensity (80, 85, 95, 105, 124 dB) in experiment 1B. Separate ANOVAs were used for the SCM and PARA muscles. To test whether PSI levels were greater than 0%, a one-sample t-test was used for each ISI and prestimulus intensity.
For experiment 2, the amplitudes of the EMG and kinematic responses were first assessed for habituation with paired t-tests between the first control trial and the last control trial (t-test C1-C3). After confirming there was no habituation present in any of the variables, data from the three control trials were averaged to yield a single value representing the control trials. Since sex is known to influence the risk of whiplash injury, we initially performed the statistical analyses including sex as a factor. Since no interaction between sex and prestimulus inhibition was observed, we removed sex from the analyses for clarity of presentation. The effect of a prestimulus on the head/neck postural responses was assessed using one-way, repeatedmeasures ANOVAs for the test conditions (control, weak prestimulus, startling prestimulus). Post hoc comparisons for all ANOVAs were performed using a Tukey's honest significant difference (HSD) test, and all statistical analyses were performed using the [R] statistics program (version 2.10.1) at a significance level of P ϭ 0.05.
RESULTS
Experiment 1A: effect of ISI on prestimulus inhibition. Two subjects did not exhibit neck muscle responses during control conditions and were excluded from further analysis. The remaining subjects (n ϭ 12) exhibited well-defined neck muscle responses to the prestimulus and subsequent startling tones, with the startling prestimulus yielding a clear inhibition of the startle response in all subjects (see exemplar subject in Fig. 2A (Fig. 3A) .
In some subjects, the muscle activity elicited by the prestimulus tone at a 100-ms ISI merged with the muscle response to the subsequent startling tone, making these two responses difficult to differentiate (see Fig. 2A ). On the basis of these results, we used an ISI of 250 ms for experiments 1B and 2 because this ISI was adequate to inhibit the startle response and was the shortest ISI to elicit distinct neck muscle responses to the prestimulus and subsequent startling tones. In addition, an ISI of 250 ms is a practical and sufficient time frame that could be used in an automotive environment to alert occupants.
Experiment 1B: effect of prestimulus intensity on prestimulus inhibition. All subjects exhibited well-defined neck muscle responses to the startling tones but the intensity of the prestimulus influenced the inhibition of the startle response (see exemplar subject in Fig. 2B ). Over the six control trials, the SCM and PARA responses habituated by 46 Ϯ 43% [t(13) ϭ 2.35, P ϭ 0.035, p 2 ϭ 0.298] and 37 Ϯ 44% [t(13) ϭ 3.49, P ϭ 0.004, p 2 ϭ 0.484], respectively. After normalizing the EMG responses using Eq. 1, PSI of the neck muscle responses was again present in all subjects (Fig. 3B) . PSI in SCM was significantly greater than zero (50 -74%; P Յ 0.0020) at all prestimulus intensities, but PSI in PARA was only significantly greater than zero (51-83%; P Յ 0.0048) at prestimulus intensities of 85 dB and above. Hence, PSI was not present for the PARA at a prestimulus intensity of 80 dB. The ANOVA confirmed this finding [F(4,65) ϭ 2.53, P ϭ 0.049, p 2 ϭ 0.135], revealing a significant effect of stimulus intensity only for the right PARA, with a post hoc difference between the 80-dB and 105-dB levels (Tukey's HSD: P ϭ 0.026). PSI of the SCM did not vary between the five prestimulus tone intensities [F(4,65) ϭ 0.932, P ϭ 0.451, p 2 ϭ 0.054]. Based on the results of experiments 1A and 1B, we selected prestimulus tones of 85 dB for the weak prestimulus condition and 105 dB for the startling prestimulus condition, both presented 250 ms before the simulated whiplash collision. These parameters were also selected because of their applicability to real car collisions: the weak prestimulus tone was clearly audible above the background noise and the startling prestimulus tone was within the output capability of various car speakers we sampled (Mang DWH, unpublished observations).
Experiment 2: prestimulus inhibition during whiplash perturbations. All subjects exhibited stereotypical muscle and kinematic responses to the sled perturbations (Fig. 4) (Fig. 4) .
A startling prestimulus tone presented before the whiplash perturbation decreased the neck muscle response to the perturbation, but a weak prestimulus tone did not (see detailed ANOVA results in Table 1 ; Figs. 4 and 5). Compared with the control condition, the startling prestimulus condition decreased Fig. 3 . Mean (SD) for prestimulus inhibition (PSI) data for the prestimulus intervals used in experiment 1A (A) and the prestimulus tone intensities used in experiment 1B (B). PSI is 0% when no inhibition occurs and 100% when the muscle response to the second stimulus is fully inhibited. The left and right columns represent the right SCM muscle and right cervical PARA muscles, respectively. *Significant difference (P Ͻ 0.05) between experimental and control conditions. †Significant difference (P ϭ 0.026) between the 2 indicated conditions. the amplitude of the neck muscles by 16% for SCM (Tukey's HSD: P ϭ 0.012) and 29% for PARA (Tukey's HSD: P ϭ 0.001). A similar picture emerged for the head/neck kinematics (see detailed ANOVA results in Table 1 ; Figs. 4 and 5) . Compared with the control condition, the startling prestimulus condition decreased peak head retraction (r x ) by 5.7 mm (17%; Tukey's HSD: P ϭ 0.031), peak horizontal head acceleration (a x ) by 4.4 m/s 2 (23%; Tukey's HSD: P ϭ 0.020), and peak head angular acceleration in extension (␣ 1 ) by 37.0 rad/s 2 (23%; Tukey's HSD: P ϭ 0.028). No significant changes in head/neck kinematics were observed for the weak prestimulus condition.
DISCUSSION
The present study sought to examine the role of the startle response in a rear-end collision by using prestimulus inhibition to decrease the startle-evoked neck muscle response during whiplash collision. In experiments 1A and 1B, we identified prestimulus characteristics (interstimulus interval of 250 ms and prestimulus intensities of 85 and 105 dB) that inhibited the acoustic startle response in neck muscles. When these prestimuli were then presented to volunteers prior to a whiplash collision, we observed that the 105-dB prestimulus, but not the 85-dB prestimulus, decreased the neck muscle and kinematic responses to a whiplash collision. Thus we partly accept our hypothesis that an acoustic prestimulus (105 dB) can inhibit the startle response evoked by collisions and thereby decrease muscle activation levels in response to forward, whole body seated perturbation.
Role of the startle response during rear-end collision. A loud acoustic stimulus (105 dB) presented 250 ms prior to a rear-end collision decreased the whiplash-evoked neck muscle response by 16 -29%. This decreased muscle response can be attributed to prestimulus inhibitory mechanisms associated with the startle response (13, 16, 17, 42) and allowed us to further examine the role of startle in rear-end collisions. Our results demonstrated that decreasing the startle-evoked muscle responses from the neck flexors and extensors also decreased peak head acceleration (linear and angular) and peak head/neck retraction. It did not affect head extension angle. These kinematic differences suggest that the startle response evoked by a rear-end collision may be more harmful than protective. More Fig. 4 . A sample of muscle and kinematic responses from a single subject during control, weak prestimulus, and startling prestimulus conditions. Labeled open circles in the control panel represent kinematic peaks used for analysis and are replicated on weak prestimulus and startling prestimulus panels to highlight the changes due to prestimulus tones. The vertical scale bars are aligned with the onset of prestimulus tones (Ϫ250 ms) and are consistent between conditions. The vertical dashed line represents the onset of sled perturbation. Electromyographic data: left (L) and right (R) SCM and cervical PARA muscles. Kinematic data: subscript x refers to the x-direction, linear acceleration (a), head angular acceleration (␣), and head angle (). specifically, if higher peak head acceleration is related to higher peak forces in some neck tissues and higher peak retraction is related to higher peak strains in some neck tissues, then our findings suggest that the startle response evoked by a rear-end collision may increase the risk of certain whiplash injuries.
During a rear-end collision, afferents from the somatosensory, acoustic, and vestibular systems are activated and trigger a startle response in the neck muscles (5, 6) . Here, we show that an acoustic tone alone is adequate to inhibit, at least partially, this collision-induced startle response. Since the exact sensory afferents triggering the startle response in a car collision are unclear, its inhibition by a loud acoustic prestimulus may involve cross-modal inhibition (9) . Prestimulus inhibition of the collision-induced neck startle response was effective only when a loud (105 dB) prestimulus tone was presented. The ineffectiveness of the weak (85 dB) prestimulus tone during the whiplash perturbations is consistent with the lack of PARA inhibition to the weak prestimulus (80 dB) we observed in experiment 1B and prior research showing increased inhibition with increased prestimulus intensity (8) . Thus our results show that a startling acoustic prestimulus tone is effective at inhibiting the startle response evoked by whiplash motion whereas a weak acoustic prestimulus is not.
Prestimulus inhibition: potential implications for the prevention of whiplash injuries.
The cervical facet joints are a source of neck pain in 40 -68% of patients with chronic whiplash injuries (2), and excess strain in the facet joint capsule can occur during whiplash exposures (36, 45, 46) . The cervical facet capsule is interesting because the neck multifidus muscles insert directly onto the capsule (1, 45) . Posterior neck muscle activity, and multifidus muscle activity in particular, elicited by the collision may exacerbate cervical facet capsular ligament strain at a moment when the ligament is already being strained by the collision-induced intervertebral motion (34, 40) . By decreasing neck muscle activity, a startling prestimulus tone may reduce peak facet capsular ligament strain and consequently the risk of whiplash injuries.
In addition to the potential direct benefits of decreased neck muscle activity, the overall change in head/neck kinematics induced by a startling preimpact tone may also indirectly contribute to reducing the risk of whiplash injuries. The preimpact startling tone reduced peak head accelerations (linear and angular) and peak head retraction, although it did not reduce peak head extension angle. If peak linear and angular head accelerations are related to the internal reaction forces of the neck, then the 105-dB tone reduced peak internal forces by ϳ23%. Similarly, if peak head retraction is related to neck tissue strains (39) , then the 105-dB tone reduced tissue strains by ϳ17%. Earlier work suggests that 1 mm of intervertebral retraction (about the amount that would occur with 5.8 mm spread over six intervertebral joint; little retraction is expected between C1 and C2) increases the maximum principal strain in the facet capsular ligament by 0.03 mm/mm, or between 4% and 27% of the subcatastrophic failure threshold (36) . Thus the kinematic reductions observed here could shift some occupants from a suprathreshold exposure to a subthreshold exposure and thereby prevent or mitigate injury.
Comparison between prestimulus inhibition and habituation. The changes in muscle and kinematic responses we observed with prestimulus inhibition are similar, but not identical, to those previously observed during habituation to whiplash perturbations (Table 2 ; Refs. 4, 7, 32, 39) . Despite a similar decrease in neck flexor and extensor muscle responses, the resulting changes in kinematic responses were considerably different between habituation and prestimulus inhibition. In habituation experiments, Siegmund et al. (39) suggested that subjects became more familiar with repeated exposures to the perturbation and responded more passively. Consequently, a decreased coactivation of the neck muscles reduced the stiffness of the connection between the head and torso, which led to lower linear forward head acceleration (a x ) and angular head acceleration into flexion (␣ 2 ), and higher retraction (r x ), extension angle (), and angular head acceleration into extension (␣ 1 ) ( Table 2 ). Prestimulus inhibition also lowered forward head acceleration; but in contrast to habituation, prestimulus inhibition decreased angular head acceleration into extension and rearward head displacement, and caused no change to head extension angle.
While clear differences in the kinematic responses between prestimulus inhibition and habituation can be seen, the reason for these differences is less clear. One possible explanation is differences in the protocol used for the habituation and present experiments. Although the same sled and transducers were used in the three experiments compared in Table 2 , the present Fig. 5 . Group means and SDs of muscle responses and head kinematic responses for control, weak prestimulus, and startling prestimulus conditions. Gray lines in the background depict response of individual subjects. Solid bars above conditions denote that a significant difference (listed as percentage decrease between group means) was observed between the two indicated conditions (P Ͻ 0.05). 
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211% ‡ 217% ‡ ,°117% 122% 28% ‡ experiment added the sound of a real car crash to the physical perturbation. This noise is known to increase the neck muscle response and alter the head/neck kinematics, but repeated exposure to a sled perturbation presented with a loud tone did not induce habituation (7) . Another possible explanation is the activation pattern of the individual neck muscles. In the prior habituation studies and the present study, surface electrodes were used to measure muscle activity. Surface electrodes sum the EMG activity of muscles below the electrode, and the posterior neck has five layers of muscles at the C4 level. It is possible that different muscles were recruited or attenuated during prestimulus inhibition and habituation. Although further work is needed to explain these observed differences, the present results nonetheless indicate that prestimulus inhibition can potentially reduce the risk of whiplash injury. The perturbation used in the present study is less severe than many actual whiplash-inducing collisions (20) . Other volunteer studies have used higher speed changes (4 -16 km/h) and peak accelerations (up to 6.0 g) (10, 11, 24, 25, 41) . Since muscle and kinematic responses exhibit a graded response proportional to perturbation intensity (35, 37) , we chose to study a low collision severity with the sound associated with a real car collision. Further work is needed to determine how robust our observations remain at higher collision severities. Further work is also needed using wire EMG to isolate the behavior of the individual muscles and to examine whether the inhibition we observed occurs in occupants who brace before impact. Bracing, which can occur in response to screeching tires or looking in the rear-view mirror, has been shown to reduce peak head extension (27) ; however, its effect on muscle responses remains unstudied.
Conclusion. The results presented here show that a loud acoustic tone inhibits the startle component of the neuromuscular response evoked during a whiplash collision. The kinematic changes associated with inhibition of the startle response suggest that startle responses may be potentially harmful during rear-end automobile collisions. Our results provide additional support for the potential role of the startle response in exacerbating certain whiplash-related neck injuries. Using a key feature of the startle response, i.e., prestimulus inhibition, it may be possible to take advantage of certain inhibitory circuits to minimize the startle response and potentially reduce the risk of whiplash injury. Finally, our observations provide the first steps toward the development of a noninvasive whiplash mitigation system that could be easily implemented in the existing fleet. Existing car audio systems are capable of reaching a sound pressure level of 105 dB (Mang DWH, unpublished observations), and collision detection systems (e.g., LIDAR: light detection and ranging systems) are already installed in some new vehicles. Thus information from a collision detection system could trigger a startling prestimulus tone played through the car's audio system and inhibit the startle response normally elicited by a rear-end automobile collision.
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